Background
Introduction
In 2013, an international panel of experts defined dystonia as sustained or intermittent muscle contractions usually causing twisting and repetitive movement or abnormal posture [1] [2] [3] . It is one of the most prevalent forms of movement disorder [3] . Dystonia can be classified according to the involved body distribution: focal, segmental, multifocal, generalized, and hemidystonia, or according to the etiology: inherited dystonia of proven genetic origin, acquired dystonia with a known specific cause (e.g., perinatal brain injury, infection, drugs, toxicity, vascular, neoplastic, or brain injury), and isolated dystonia without a known specific cause.
Dystonia may cause considerable morbidity in terms of low self-confidence, pain, depression, and poor social interaction. It has been reported to have a substantial adverse impact on quality of life [4] . Although oral medications and botulinum toxin injections have been the mainstays of treatment for some time, they are not sufficiently effective in some patients.
Remarkable improvement after pallidotomy or pallidal DBS in Parkinson disease (PD) patients suggested a possible benefit of lesioning the GPi as a treatment for dystonia [5] . Trials of bilateral pallidal DBS confirmed this benefit and verified that the procedure can be conducted safely on both sides in one operative session, with promising results in patients with medically refractory dystonia [6, 7] . In recent years, GPi DBS has been employed as a safe, reliable, reversible, and adjustable treatment with a relatively low risk of adverse effects in patients with isolated and acquired dystonia, especially with DYT-1 dystonia [8] [9] [10] [11] [12] [13] [14] [15] [16] .
However, few studies have investigated the long-term outcome and safety of the GPi DBS. This report describes the long-term clinical outcome of 36 patients implanted with GPi DBS at the Department of Neurosurgery of Seoul National University Hospital.
Patients & Methods

Patient population
This study was approved by the institutional review board of Seoul National University Hospital (IRB No. 1505-074-672). The requirement of obtaining written informed consent was waived in consideration of the retrospective study design. From September 2005 until November 2014, a total of 40 patients with medical refractory dystonia underwent DBS surgery at the Department of Neurosurgery of Seoul National University Hospital. One patient who underwent bilateral subthalamic nucleus (STN) DBS and another patient whose surgery had failed due to an intracranial hemorrhage during lead insertion were excluded from this study. Of the remaining patients, 36 patients who received more than 12 months of follow-up were enrolled in this retrospective study. One patient who had a history of failed surgery due to intracranial hemorrhage and received DBS implantation 1 year later was included.
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The patients included 26 men and 10 women, with a mean age at surgery of 33 years (range, 10-65). Thirty-three patients underwent bilateral GPi DBS and 3 patients underwent unilateral GPi DBS (right side in 2 cases, left side in 1 case). The mean disease duration before surgery was 91 months (range, 5-380), and the patients were divided into three groups according to the disease duration: less than 36 months, 36-120 months, and more than 120 months. Nineteen patients were adults over 17 years of age at the time of dystonia onset, and 17 patients were children under 16 years of age. When classified by etiology, 9 patients had a known genetic cause of dystonia [3] . Among them, 4 patients had DYT-1 gene mutation and 5 patients had pantothenate kinase-associated neurodegeneration (PKAN) with PANK2 gene mutation. Among the 12 patients who had acquired type dystonia, 4 patients had undergone a perinatal brain injury, 4 patients had dystonic cerebral palsy, and 4 patients had drug-induced dystonia (anti-schizophrenic drugs) and were diagnosed as tardive dystonia. The remaining 15 patients were classified as isolated dystonia without a known genetic cause. When categorized by phenomenology, 29 patients had generalized dystonia, 5 patients had segmental dystonia, and 2 patients had multifocal dystonia.
The patients were assessed preoperatively and at defined follow-up examinations postoperatively, at 3, 6, 12, 24, 36, 60, and 84 months. The mean follow-up period was 47 months (range, 12-84). We included the Burke-Fahn-Marsden dystonia rating scale (BFMDRS) for motor and disability assessment. The motor score of the BFMDRS consists of a scale for severity of movement impairment of the eyes, head, speech, trunk, and extremities, with a maximal score of 120 representing the most affected movement [17] . The motor assessment was performed by a specialized neurologist, in an unblinded manner. All patients included in this study gave written informed consent for the surgery and the follow-up examinations and all assessments were performed by neurologists. The written informed consent for the surgery was obtained from the caretakers including parents or next of kin of the minors/children enrolled in this study.
Surgical procedure
The posteroventral portion of the GPi was targeted by means of axial, sagittal, and coronal MRI images [18] . The theoretical pallidal target was 2 to 4 mm anterior to the midcommissural point, 19 to 22 mm lateral to the midline, and 3 to 6 mm below the intercommissural line. A set of four microelectrodes (Differential microTargeting1 Electrodes, FHC, Chemnitz, Germany;1.5 MO impedance) were sequentially inserted toward the anatomical target within the GPi, which was chosen vertically on the axial slice at the level of anterior commissure and horizontally at the junction between the two posterior quarters of the GPi [19] . Permanent DBS electrode (DBS 3387, Medtronic, Minneapolis, MN) placement was determined to avoid damage to adjacent vessels, ventricles, and sulci. All procedures were performed under general anesthesia, with the assistance of microelectrode recording (MER). In all cases, the electrode of the left side was inserted earlier than the electrode of the right side, to minimize the error of the dominant side caused by brain shift after cerebrospinal leakage. In consideration of the brain shift, more intraoperative adjustments based on MER were made during the right side electrode positioning. A pulse generator (IPG; Soletra 7426, Medtronic, Minneapolis, MN) was then implanted, and one day after surgery, stimulation parameters were progressively adjusted by telemetry, using an N'vision programmer (Medtronic, Minneapolis, MN). The median values of initial DBS parameters were as follows: pulse width 60 msec (range, 60-180), frequency 130 Hz (range, 60-185), and amplitude 2.5 V (range, 0.5-4.5). S1 Table represents the mean stimulation parameters of the subgroups: DYT-1, PKAN, acquired dystonia, and isolated dystonia without a known genetic cause. We performed a repeat CT scan and fused it with the preoperative MRI to confirm the location of the leads. The analysis about the correlation of the lead location and clinical outcome is in progress.
Statistical analysis
Statistical analyses were performed using the SPSS 22.0 software (SPSS Inc., Chicago, IL, USA). The mean preoperative and postoperative absolute scores of the BFMDRS and the rate of improvement ([preoperative score-postoperative score]/preoperative score x 100) were calculated. Preoperative and follow-up BFMDRS and functional disability scores were treated as repeated measures for the Wilcoxon signed rank test. The Mann-Whitney-U test for unmatched samples was used to compare the percentage of improvement between the preoperative and postoperative conditions. A statistical threshold of P < 0.05 (two-tailed) was considered to be significant. Table 1 shows the BFMDRS motor and disability scores in the entire patient group that underwent GPi DBS for dystonia, obtained at preoperative baseline and during the follow-up periods. The mean motor scores in the entire patient group significantly decreased overtime (P = 0.006), from 44.88 ± 28.12 points preoperatively (N = 36) to 26.45 ± 20.21 points at the 60-month follow up (N = 19). The mean disability score decreased from 11.54 ± 8.16 points preoperatively (N = 36) to 8.26 ± 8.25 points at the 60-month follow up (N = 19); however, the overall reduction in the disability scores did not show statistical significance (P = 0.073).
Results
The improvement rates of BFMDRS motor and disability scores at the 12-month follow up point were analyzed to determine the impact of etiology, age at surgery, age of onset, disease duration, and phenomenology, as shown in Table 2 . The reason for selecting the value at the 12-month follow up for comparison between subgroups was as follows: the maximum beneficial effect in dystonia is known to occur over several weeks after DBS. The patients who were included in this study also obtained benefit since 6 months after DBS. The trend of improvement was steady or slight from 12 months after DBS. The mean motor improvement rate was ; P = 0.238). However, there was no significant difference in the motor and disability improvement rates among the 3 subgroups. Four patients with DYT-1 dystonia showed substantially favorable outcomes: motor improvement rate of~64% and disability improvement rate of 47%. There was no significant impact of age of onset, age at surgery, disease duration, and phenomenology on movement and disability improvement rates. Fig 1 outlines the overall motor and disability scores of the subgroups over time: DYT-1 dystonia, PKAN, and tardive dystonia. Patients with DYT-1 dystonia showed an abrupt decrease in motor and disability scores, and a sustained improved state during the follow-up period. Patients with PKAN had relatively higher motor and disability scores preoperatively. But some patients showed substantial improvement in motor score over time; 2 patients acquired improvement which appeared even after postoperative 12 months without resetting (indicated as asterisks in Fig 1) . The stimulation parameters were not changed in these patients. Tardive dystonia patients experienced no considerable improvement in motor and disability scores, except for 1 patient.
Discussion
Overall outcome
This report is one of the rare studies on GPi DBS for dystonia with long-term follow up. Previous authors reported that GPi DBS is an effective treatment for dystonia in terms of both Table 2 . Improvement rates at the 12-month follow-up according to patient characteristics.
Patients group
Movement improvement rates (%) P-value Disability improvement rates (%) P-value [9-14, 20, 21] . In this study, patients with isolated dystonia with or without a known genetic cause showed better outcomes than those with acquired dystonia, although the difference was not statistically significant. Isolated dystonia without a known genetic cause and DYT-1 dystonia, which showed favorable outcome after GPi DBS, were classified into primary generalized dystonia (PGD) with or without DYT-1. PGD is the only form in which the efficacy of GPi DBS was confirmed in previous studies. In particular, the patients with DYT-1 positive PGD were considered to be the group that gains the most benefit from GPi DBS [9] [10] [11] [12] 20] , although the correlation between the DYT-1 gene and clinical outcome is still controversial [22] . Some patients with DYT-1 positive PGD showed less improvement than expected [23, 24] , and some patients with DYT-1 negative PGD revealed favorable clinical outcomes [14, [25] [26] [27] [28] . In the same vein, Jahanshahi et al. recently reported that patients with PGD showed a significant improvement in motor scores regardless of their DYT-1 status [29] . Recently, the term "primary" has been replaced by "isolated" [3] . In this study, the mean 12-month motor and disability improvement rates were higher in the DYT-1 dystonia group than in those with isolated dystonia without a known genetic cause (motor improvement rate, 63.34 ± 14.74 vs 35.69 ± 35.29, P = 0.163; disability improvement rate, 62.22 ± 40.18 vs 22.51 ± 34.79, P = 0.046).
Five patients with PKAN were included in this study. PKAN is an iron metabolism dysregulation caused by a PANK-2 mutation, and the patients show a characteristic 'eye-of-the-tiger sign' (hypointensity with central hyperintensity in the globus pallidus on T2 images) on brain MRI [30, 31] . Some authors have reported a dramatic improvement in a short time period in PKAN patients [32, 33] , But there are debates over the prognosis of the disease. Lim et al. and Krause et al. reported on dystonia patients with PKAN who showed a variable response and did not respond to stimulation [26, 34] . In this study, as shown in Figs 1, 2 and 3 of the 5 PKAN patients showed a substantial decrease in motor and disability scores despite the severely progressed disease state preoperatively.
The patients with acquired dystonia are known to show less favorable response to GPi DBS [23, [35] [36] [37] . Speelman et al. reported that GPi DBS was useful in some secondary dystonia patients, but they included many patients with tardive dystonia or PKAN into the secondary dystonia group [28] . In our experience, acquired dystonia patients showed marked improvement during the first 6 months, but the BFMDRS motor and disability scores tended to increase again after this time period.
The criteria for tardive dystonia were proposed by Burke et al. in 1982 [38] . They defined the key feature of tardive dyskinesia as the presence of chronic dystonia, a history of anti-psychotic drug use preceding or concurrent with the onset of dystonia, the absence of a family history of dystonia, and exclusion of other causes of secondary dystonia. Many authors reported a significant benefit of GPi DBS in tardive dystonia patients [21, 24, 37, [39] [40] [41] [42] [43] [44] However, others researchers could not find any significant improvement after GPi stimulation in tardive dystonia patients [9, 45] . In accordance with the latter result, the 4 patients diagnosed with tardive Overall movement and disability scales in the patients with DYT-1 dystonia, PKAN, and tardive dystonia. Patients with DYT-1 dystonia showed an abrupt decrease in motor and disability scores, and a sustained improved state during the follow-up period. Patients with PKAN had relatively higher motor and disability scores preoperatively. But some patients showed substantial improvement in motor score over time; 2 patients acquired improvement which appeared even after postoperative 12 months without resetting (indicated as asterisks). Tardive dystonia patients experienced no considerable improvement in motor and disability scores, except for 1 patient. (PKAN: pantothenate kinase-associated neurodegeneration) doi:10.1371/journal.pone.0146644.g001 dystonia in the present study showed no statistically significant improvement in motor and disability scores. Among them, 2 patients showed marked motor improvement with rates more than 50%, and 1 patient showed a constant disease state during the follow-up period. Only 1 patient suffered disease progression from the focal to generalized form.
Outcome predictive factors for GPi DBS
We attempted to identify factors for favorable outcomes after GPi DBS. Many authors have reported younger age at the time of surgery and shorter duration of symptoms as predictive factors for a favorable outcome of GPi DBS for dystonia [10, 28, 35, 37, 46, 47] . However, the influence of disease duration is still debated [46] . Less effect of GPi DBS in adults or patients with longer disease duration was explained by chronic deterioration of health over time and skeletal deformity such as the contracture in scoliosis [10, 28] . However, there was no statistical significance of these factors as outcome predictors after GPi DBS in this study.
Secondary worsening
This report shows a substantial decrease in the mean movement scores until 60 months, while they tended to increase again slightly at 84 months. For cautious interpretation, the overall BFMDRS motor and disability scores for 6 patients who received an 84-month follow up are described in Fig 3. These patients could not regain the benefit, even after extensive reprogramming. Among them, one patient with tardive dystonia showed steady improvement over time, and one patient with acquired dystonia showed constant scores during the follow-up period. Excluding these 2 patients, the remaining 4 patients with isolated dystonia without a known genetic cause experienced aggravation. There are a few studies that have reported this phenomenon as secondary worsening after GPi DBS for dystonia [10, 26, 47] [10, 26, 47] , worsening of symptoms following improvement 2-3 years after DBS implantation without an effect of reprogramming [24, 45] . The reason for this secondary worsening has not been identified. One approach would be to reimage these patients to ensure that there was no lead migration.
Sustained improvement of dystonia after discontinuation of DBS
Five patients showed a sustained benefit following long-term GPi stimulation and subsequent termination of stimulation. Two patients with isolated dystonia without a known genetic cause and one patient each with DYT-1 dystonia, PKAN, and acquired dystonia due to cerebral palsy were included. One patient discontinued the stimulation on his own, and the other patients discontinued the stimulation based on their doctors' decision because of a consistently improved state for a long time. In all cases with scheduled DBS cessation, the pseudo-turn off test was performed to determine the psychogenic effect before DBS cessation. The median interval between DBS implantation and cessation was 76 months (range, 64-95), and the median follow-up period after DBS cessation was 18 months (range, . The follow-up data of these patients after DBS cessation were not included in this study.
A few reports have described sustained relief of dystonic symptoms following cessation of DBS of GPi and thalamus [39, 48] . Several hypotheses have been proposed to explain this phenomenon. Starvrinou et al. reported that the patients with secondary segmental dystonia showed improvement in dystonic muscle movement including painful muscle spasms even after DBS termination, and they explained that this phenomenon occurred due to cortical or subcortical neuroplastic changes induced by DBS [49] . In order to explain sustained relief in cervical dystonia and blepharospasm patients for more than one year after cessation of DBS, Vidailhet et al. suggested that DBS therapy might have the capacity to induce a plastic change, which lessens or obviates the need for further treatment in susceptible patients [50] . In 2007, Tisch et al. proposed a theory whereby clinical effects of DBS in dystonia patients had a biphasic response and dystonic symptoms, those with a phasic component improved rapidly, while tonic or fixed components showed delayed improvement [51] . They explained that symptom improvement after DBS termination was caused by delayed improvement.
On the contrary, some authors have reported poor prognosis after DBS termination. Yianni et al. reported a case of a patient who experienced an acute and severe relapse, the so-called 'rebound effect', after sudden cessation of DBS [52] . Trottenberg et al. also experienced a similar phenomenon after sudden cessation of stimulation. They speculated that dystonic symptoms recurred because aberrant pathways still persisted and rapidly returned to generate spontaneous low frequency oscillations after DBS was turned off [8] . Coubes et al. also experienced a few cases with a temporarily sustainable and favorable condition after discontinuation of stimulation, but the symptoms recurred within 1 week and disappeared quickly on reactivation of stimulation in all cases [10] .
Adverse events
Previous authors have reported infection, lead revision, and wound problems like granulomas as the common complications after DBS implantation [37] . We experienced 2 cases of infection at the IPG implantation site and one case of intracranial hemorrhage (ICH) in the basal ganglia. In the 2 patients with infection, the IPG device had to be removed. In one patient, the IPG device was reinserted and the patient's dystonic symptoms improved. The other patient suffered sustained infection at the IPG implantation site and underwent a bilateral gamma-knife pallidotomy (60 Gy in 3 fractionations). He is showing markedly improved movement and daily activity.
We stopped the procedure when ICH of the basal ganglia occurred in a patient during lead insertion. The patient developed new neurologic deficits such as hemiparesis and facial palsy, but the symptoms resolved after conservative management and physical rehabilitation. After 1 year, DBS implantation was performed and his dystonic symptoms almost disappeared. This patient was included in this study after the second DBS implantation surgery.
Limitations of this study
The main limitations of this study are that it has a retrospective design along with a small sample size and the follow-up duration is variable among patients. Also, the BFMDRS scores were estimated in an unblinded manner. The difference in improvement rates between subgroups could be partially related to the distribution of the follow-up duration, because most of the data were clustered during the period within 24 months after DBS implantation. A second limitation is the problem of reflection of the scoring system. We used only BFMDRS motor and disability scores for all subtypes of patients; hence, the results would be different from those in other studies that applied specific scales to each disease entity. Also, there is a risk of type II error in our conclusion on the predictive factors for dystonia. A third limitation is that eight Overall BFMDRS motor and disability scales in 6 patients who underwent 84 months follow up. Of the 6 patients who underwent 84 months follow up, one patient with tardive dystonia showed steady improvement overtime and a patient with acquired dystonia revealed constant scores over time. Except for them, remaining 4 patients with isolated dystonia without known genetic cause showed secondary worsening. doi:10.1371/journal.pone.0146644.g003 patients also had a severe depressive mood disorder at the time of DBS implantation. Some studies have reported ongoing depression and anxiety after GPi DBS, despite significant dystonia improvement [10, 29, 50] . The movement and disability scores would be underestimated due to noncooperation caused by depression and anxiety. Unlike in the cases of with Parkinson disease, formal evaluation of mood was not performed in the patients with dystonia.
Further double-blind, prospective studies and careful analysis of stimulation targets and postoperative results seem to be mandatory for better selection of patients for GPi DBS.
Conclusion
In conclusion, this study demonstrated that GPi DBS is a safe and effective therapeutic method for treatment of both movement and disability in dystonia patients. A favorable outcome is expected in patients with DYT-1 dystonia and isolated dystonia without a known genetic cause. However, this study has some limitations such as the retrospective design along with a small sample size and that it was performed at a single-center.
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